Bacterial community composition and longitudinal fluctuations were monitored in a riverine system during and after Superstorm Sandy to better characterize inter-and intracommunity responses associated with the disturbance associated with a 100-year storm event. High-throughput sequencing of the 16S rRNA gene was used to assess microbial community structure within water samples from Muddy Creek Run, a second-order stream in Huntingdon, PA, at 12 different time points during the storm event (29 October to 3 November 2012) and under seasonally matched baseline conditions. High-throughput sequencing of the 16S rRNA gene was used to track changes in bacterial community structure and divergence during and after Superstorm Sandy. Bacterial community dynamics were correlated to measured physicochemical parameters and fecal indicator bacteria (FIB) concentrations. Bioinformatics analyses of 2.1 million 16S rRNA gene sequences revealed a significant increase in bacterial diversity in samples taken during peak discharge of the storm. Beta-diversity analyses revealed longitudinal shifts in the bacterial community structure. Successional changes were observed, in which Betaproteobacteria and Gammaproteobacteria decreased in 16S rRNA gene relative abundance, while the relative abundance of members of the Firmicutes increased. Furthermore, 16S rRNA gene sequences matching pathogenic bacteria, including strains of Legionella, Campylobacter, Arcobacter, and Helicobacter, as well as bacteria of fecal origin (e.g., Bacteroides), exhibited an increase in abundance after peak discharge of the storm. This study revealed a significant restructuring of in-stream bacterial community structure associated with hydric dynamics of a storm event.
M
ore than 12,000 water bodies in the United States are considered to be impaired by fecal indicator bacteria (FIB), due to both point and nonpoint sources of pollution, according to the U.S. Environmental Protection Agency (USEPA) (1) . Point sources of pollution are those that can be pinpointed to a specific location, such as discharges from wastewater treatment plants, operational wastes from industries, as well as combined and sanitary sewer overflows (1) . Nonpoint sources are more diffuse and may be associated with a type of land use, such as agriculture or industry. Factors, including surface runoff, precipitation, drainage, and seepage, are all potential contributors to nonpoint source pollution (1) . These sources of runoff can carry nutrients, toxins, and microorganisms into nearby water basins, specifically during a high-volume storm event.
Storm events have been shown to affect the composition of nutrients in the stream and cause acute disturbances in short-term stream health. Furthermore, storm events represent a significant contribution to stream impairments, as they represent a majority of the bacterial discharge and fecal loading in a watershed (2) (3) (4) (5) . Fecal contamination and pathogen concentrations above regulatory limits are predominant concerns of flood and runoff waters, and exposure to such waterborne pathogens has been shown to increase the potential for infection and accompanying health risks (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Rain and floodwater harbor a variety of human enteric pathogens, including Campylobacter, Cryptosporidium, Giardia, adenoviruses, polyomaviruses, and enteroviruses (16) (17) (18) . Feces from agricultural animals and wildlife are sources of a plethora of zoonotic pathogens (e.g., pathogenic Escherichia coli, Salmonella, and Leptospira) (9, 19) . In addition to fecal pathogens, rainwater has been shown to harbor Legionella pneumophila, Aeromonas hydrophila, and Clostridium perfringens (20) (21) (22) .
Traditional approaches and molecular assays have been used in an attempt to assess the microbiological quality of runoff-impacted environments. Previous studies have linked storm events to increases in fecal indicator bacteria (FIB) concentrations and turbidity (23, 24) as well as decreases in general water quality (2, 25) . Various microbial source-tracking methods have been used in an attempt to track and quantify sources of fecal contamination in multiuse watersheds; however, research suggests these methods are inadequate at predicting and quantifying risk (26) (27) (28) . The duration of storm events and influence of stormwater plumes are not easily evaluated, as contaminant origin is difficult to determine because of numerous potential contributions (26) .
In order to better understand the microbial risks associated with freshwater environments during a storm event, a more comprehensive understanding of the spatial and temporal variations in aquatic bacterial diversity is needed. Previous studies have indicated that bacterial community structure in rivers varies seasonally and due to physical and chemical gradients (29) (30) (31) (32) . Afshinnekoo et al. (33) revealed that flooding events during Superstorm Sandy had long-lasting effects on the microbial communities of city surfaces. However, the variation in bacterial community structure during the course of a storm event within a stream environment has been understudied. High-throughput DNA sequencing has enabled deep analysis of inter-and intracommunity responses to environmental variables. In fact, recent research (34, 35) has indicated that rapid evaluation of the total bacterial community composition shows promise as a potential water quality monitoring tool. The investigation of successional changes with respect to bacterial community structure enables a more comprehensive investigation of water quality to detect rare populations that account for increased diversity in streams (36) (37) (38) . Highthroughput sequencing approaches have improved the identification of source-specific bacteria that serve as important indicators of fecal input in stream water (36, 39) .
Here, we evaluated the bacterial community composition and successional changes in a second-order stream in Huntingdon, PA, during and after Superstorm Sandy (29 October to 3 November 2012). Superstorm Sandy was ranked a category 1 hurricane that covered 1.8 million square miles of the mid-Atlantic coast and into Canada and New England, according to the National Aeronautics and Space Administration (NASA) (40) . Pennsylvania was among the most affected states, with heavy rainfall between 100 mm and 200 mm (40) . High-throughput sequencing of the 16S rRNA gene was used to track temporal dynamics of inter-and intracommunity responses during the storm. This study provides fine time point resolution of bacterial composition during a 100-year storm event. Additionally, traditional fecal indicator organisms, including fecal coliforms and E. coli concentrations, were measured to evaluate water quality during the sampling period. Dramatic changes in the bacterial community structure and diversity were found during the sampling period. Several taxa fluctuated with discharge rate, suggesting successional changes occur within the bacterial assemblages in stream water ecosystems during storm events. In addition, these data highlight increases in the relative abundance of sequences matching fecal bacteria and potentially pathogenic populations after the storm event. Altogether, these data suggest a drastic restructuring of the stream bacterial community and highlight the potential of high-throughput sequencing approaches in assessing the microbiological quality of our environment.
MATERIALS AND METHODS
Site description and sampling. Sampling was performed on Muddy Run Creek, a 3.1-mile tributary of the Juniata River that travels through Huntingdon, PA (40°29=51.85ЉN, 78°0=51.02ЉW). The initial 1.5 miles of the second-order stream are fed mainly by surface runoff from residential housing developments and agricultural regions. Downstream of the sampling location, the tributary becomes subterranean and is fed by a multitude of sources, including groundwater, residential runoff, stormwater, and potentially septic sources (see Fig. S1 . Samples of water (300 to 600 ml) were filtered immediately through 0.22-m-pore-size polyethersulfone filters (Millipore, Billerica, MA) and stored at Ϫ20°C until further processing. Additional sampling was performed in triplicate over a span of 4 days (8 to 11 October 2015) at three different time points to provide a baseline survey of bacterial community structure and stream chemistry under nonstorm conditions.
Stream water chemistry measurements (conductivity, pH, temperature, salinity, and total dissolved solids [TDS]) were taken on site at the time of sampling using a precalibrated PCTestr 35 multiparameter probe (Oakton, Vernon Hills, IL) (see Table S1 in the supplemental material). E. coli and total coliforms were enumerated using the Colilert-18 test (Idexx, Westbrook, ME). Flow rate was approximated using data from the nearest U.S. Geological Survey (USGS) gauge station (station 01559000) for the Juniata River in Huntingdon (40°29=05ЉN, 78°01=09ЉW) to generate a hydrograph during the sampling period.
DNA extraction and 16S rRNA gene library preparation. Nucleic acid extractions were performed on water filters using a modified cetyltrimethylammonium bromide (CTAB) phenol-chloroform-isoamyl alcohol method, as described by Hazen et al. (42) . The resulting pellet was resuspended in buffer EB (Qiagen, Germantown, MD), and the DNA was then subjected to the AllPrep DNA/RNA minikit (Qiagen), using the manufacturer's recommended protocol. DNA extracts were quantified using the Qubit 2.0 fluorometer double-stranded DNA (dsDNA) highsensitivity DNA kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions and stored at Ϫ80°C.
Duplicate 25-l Illumina tag PCR mixtures from each sample contained final concentrations of 1ϫ PCR buffer, 0.8 mM dinucleoside triphosphates (dNTPs), 0.625 U of Taq polymerase, 0.2 M 515F forward primer, 0.2 M Illumina 806R reverse barcoded primer, and ϳ10 ng of template DNA per reaction. PCR was performed on an MJ Research PTC-200 thermocycler (Bio-Rad, Hercules, CA) using cycling conditions of 94°C for 3 min, followed by 35 cycles of 94°C for 45 s, 53°C for 60 s, and 72°C for 90 s, and ending with 72°C for 4 min; after, it was kept at 4°C. PCR products were visualized on a 2% agarose E-Gel (Invitrogen, Carlsbad, CA) stained with ethidium bromide. Positive products were pooled and purified with SPRI beads (Agencourt Bioscience Corporation, Beverly, MA) according to the manufacturer's instructions. Purified pools were then analyzed on the Agilent Bioanalyzer using a high-sensitivity DNA kit (Agilent Technologies, Santa Clara, CA). Pooled libraries were stored at Ϫ20°C before transportation on dry ice for sequencing at the Children's Hospital DNA Sequencing Core (Cincinnati, OH).
Library pools were size verified using the Fragment Analyzer CE (Advanced Analytical Technologies, Inc., Ames, IA) and quantified using the Qubit high-sensitivity dsDNA kit (Life Technologies, Carlsbad, CA). Pools were diluted to a final concentration of 1 nM and a 10% spike of a PhiX V3 library (Illumina, San Diego, CA) was added, denatured for 5 min in an equal volume of 0.1 N NaOH, and further diluted to 12 pM in Illumina's HT1 buffer. The denatured and PhiX-spiked 12 pM pool was loaded on an Illumina MiSeq V2 500-cycle kit cassette with 16S rRNA library sequencing primers and set for 251-base paired-end reads.
Bioinformatics and statistical analyses. Sequence data for this project can be found in the NCBI Sequence Read Archive (SRP070501). Sequences were paired with a minimum overlap of 200 bp, trimmed at a length of 253 bp, and quality filtered at an expected error of Ͻ1% using USEARCH version 7 (43) . Samples with a minimum of 5,000 reads were retained, resulting in 2,105,114 total sequences, encompassing 22,237 unique operational taxonomic units (OTUs) (97%). The sample size was reduced to 32 samples, and sequence data from day 4 did not pass quality filtering. Baseline microbial samples collected from 8 to 11 October 2015 (n ϭ 9) underwent the same quality filtering, resulting in 279,215 sequences. Quality-filtered reads were analyzed using the QIIME 1.9.0 software package (44) . OTUs were picked de novo using the UPARSE algorithm, and singleton reads were discarded, as recommended by Edgar (45) . Taxonomy assignment was performed using the RDP Classifier and Greengenes 16S rRNA gene database (13-5 release) (a cluster of reads with 97% similarity was defined as an OTU) (46, 47) .
Alpha-diversity multiple rarefactions were conducted using QIIME 1.9.0 on sequences across all samples from minimum depth of 100 sequences to a maximum depth of 5,000 sequences, with a step size of 500 sequences per sample for 30 iterations. Alpha rarefactions were collated using phylogenetic distance (PD) whole tree, Heip's evenness, Chao1, and observed species richness metrics. Alpha-diversity comparisons were conducted between bacterial communities corresponding to each sampling day and cumulative time using a nonparametric two-sample t test and nonparametric Monte Carlo permutations (n ϭ 999). Comparisons between baseline and storm samples were also examined using nonparametric Monte Carlo permutations (n ϭ 999). Visualization of trends in the alpha diversity of water samples was generated in R using the phyloseq package version 1.12.2 (48, 49) .
Beta diversity was characterized with weighted UniFrac distances calculated between storm samples (n ϭ 32), as well as with binary Jaccard indexes between storm and baseline (n ϭ 9) data. OTU tables underwent cumulative sum scaling (CSS) normalization. Principal-coordinate analysis (PCoA) plots were generated in QIIME 1.9.0 to visualize the change in bacterial community structure during the storm and also to compare storm data to those of baseline bacterial communities. Adonis tests were performed on weighted UniFrac values to determine the significance of variation explained by cumulative time and environmental conditions. All statistical analyses were considered significant at an ␣ value of 0.05.
Core microbiome analysis was visualized using a Venn diagram generated with Venny 2.0.2 (50) to reveal the number of unique and shared OTUs between the sampling days. Individual trends in OTU abundance with time were determined using Spearman rank correlations generated with an OTU normalized using phyloseq in R (47, 48) . OTUs and metadata categories with an R 2 value of Ͼ0.8 or less than Ϫ0.8 were retained. Correlations between OTUs were calculated with SparCC on log-transformed relative abundances using a bootstrap procedure and correlation threshold value of 0.3, as recommended by Friedman and Alm (51) . Sample distances were computed with weighted UniFrac distances between day 1 water samples and all other samples. Visualization of trends in the relative abundance of taxa corresponding to sampling day was generated with an OTU table filtered to remove OTUs with Ͻ0.005% abundance (n ϭ 27), as recommended by Bokulich et al. (52) .
SourceTracker was used to investigate the presence of potential fecal contamination in the Muddy Run Creek water samples and to determine whether the source(s) was from human fecal contamination (53) . Sequences from human fecal contamination sources included sewage influent (n ϭ 40), activated sludge (n ϭ 40), human stool (n ϭ 9), and raw sewage (n ϭ 2). Sequence data for sources studied were obtained through the NCBI Sequence Read Archive (SRA) from the projects PRJEB4688, PRJNA260846, PRJNA264400, PRJEB8668, and PRJNA292470 (http: //www.ncbi.nlm.nih.gov/sra). These source sequences were chosen, as these samples were previously amplified for the 16S rRNA gene (V4 region) and sequenced on an Illumina MiSeq platform, consistent with library preparation and sequencing of the water samples. All source sequence data underwent the same filtering and quality measures as sequences from our study.
Nucleotide sequence accession number. Sequence data for this project were deposited in the NCBI Sequence Read Archive under accession number SRP070501.
RESULTS

Stream water chemistry during the storm event.
Stream chemistry during the storm event covaried with time. Water chemistry measures, including conductivity, pH, salinity, and total dissolved solids (TDS), exhibited strong positive correlations with time (r 2 Ͼ 0.71, P Ͻ 0.004), while stream temperature correlated negatively with time (r 2 ϭ 0.75, P Ͻ 0.01) (see Fig. S2 in the supplemental material). Because all abiotic measurements showed strong covariance with time and with other measures of water quality, a dissection of the source of variation related to changes in bacterial communities was prevented (see Fig. S2 ). Therefore, subsequent data analyses evaluated bacterial community variation with respect to time, rather than any individual or combination of metrics. However, the characteristics that were identified as covariants with time likely accompany most storm events, making time an effective proxy for tracking variation during the storm.
E. coli and total coliform concentrations for water quality assessment. A hydrograph from 27 October to 3 November 2012 was created using data from the nearest USGS station (Juniata River at Huntingdon, PA) and shows that the peak discharge rate (270 m 3 /s) occurred on 30 October 2012 (day 2, 14.9 h) (Fig. 1 ). Muddy Run Creek was sampled at regular time points until the flow rate returned to baseline flow (Ͻ50 m 3 /s) on 3 November 2012 (day 5). Microbiological water quality was assessed during and after the storm event by measuring total fecal coliform and E. coli concentrations. Fecal coliforms ranged from 167 to 607 most probable number (MPN) per 100 ml over the course of sampling; however, the highest fecal concentration (607 MPN per 100 ml) was measured just after peak discharge rate (day 2, 17.78 h) (Fig.  1 ). E. coli concentrations at the first sampling point (day 1, 0.00 h) were 160 MPN per 100 ml and increased to the highest measured concentration (514 MPN per 100 ml) at the peak of the storm (day 2, 14.9 h) (Fig. 1) . As the flow rate decreased after the storm peak, the E. coli concentration decreased (110 MPN per 100 ml) and stabilized over the next few time points to 225 MPN per 100 ml (day 2, 23.92 h; day 5, 115.28 h).
Bacterial community diversity. Alpha rarefaction analysis revealed that the observed number of OTUs changed significantly throughout the sampling period. The alpha diversity of the bacterial community structure dramatically changed over the course of the storm, as samples of days 1 and 2 compared to those of the final time points were significantly different (observed species, P Ͻ 0.042; Chao1, P Ͻ 0.006; phylogenetic distance, P Ͻ 0.051; Heip's evenness, P Ͻ 0.033). The observed richness and evenness were considerably higher during the peak flow rate than that at the final time points (Fig. 2) . The number of observed species for day 1 samples was 1,961 Ϯ 197 OTUs, while water samples from day 5 had an observed richness of 1,351 Ϯ 49 OTUs at an even sampling depth. Differences in diversity between storm and baseline water samples revealed significantly less-abundant bacterial communities in baseline flow water samples (P Ͻ 0.001) (see Fig. S3 in the supplemental material).
Beta-diversity analyses displayed that the bacterial community composition changed over the course of the storm event. For example, principal-coordinate analysis (PCoA) showed distinct changes in bacterial community composition with respect to time (Adonis cumulative time, r 2 ϭ 0.63, F ϭ 0.001) (Fig. 3) . Samples from the earlier time points clustered furthest right on axis 1, while samples taken during later time points were located to the left on axis 1 (Fig. 3) . A total of 29.03% variation in the bacterial community was explained by axis 1, indicating that time shared a strong relationship with bacterial community structure in the water samples. Water samples also clustered by flow rate (Adonis flow rate, r 2 ϭ 0.79, F ϭ 0.001); however, initial and final storm samples were significantly different in bacterial composition (see Fig. S4 in the supplemental material). Baseline samples collected during seasonally matched time points were significantly different than storm samples (Adonis condition, r 2 ϭ 0.49, F ϭ 0.001); however, binary data of Jaccard indices at the family level revealed that baseline water samples were most similar to samples obtained during the final time points of the storm (see Fig. S5 in the supplemental material). Weighted UniFrac distances of averaged day 1 water samples compared to all other water samples acquired during the storm converged with baseline samples at the day 5 time points (Fig. 4) . Day 1 water samples were most distant from day 5 samples (0.36) and baseline water samples (0.40) (Fig. 4) .
While overall trends in beta diversity indicated shifts in the aquatic bacterial communities with respect to time, further investigation was performed to examine the unique and core OTUs within the water samples over the duration of the storm. Day 1 water samples were most abundant in unique OTUs (439 OTUs) compared to samples from the other sampling days (Fig. 5) . Over the course of the storm, the number of unique taxa for each sampling day decreased (day 2, 121 unique OTUs; day 3, 10 unique OTUs). By day 5, the amount of unique OTUs increased to 175 in the water samples (Fig. 5) . The initial and final sampling time points shared only 126 OTUs and were significantly different (nonparametric two-sample t test, P ϭ 0.048). The bacterial communities within the day 2 and day 5 water samples were also significantly different (nonparametric two-sample t test, P ϭ 0.006). Taxa abundant within all four sampling days (337 OTUs) were composed mainly of proteobacterial sequences (53%).
Longitudinal fluctuations in the presence and relative abundance of bacterial phyla were observed. The Proteobacteria dominated the stream bacterial community during days 1 and 2, comprising 62% of all 16S rRNA gene sequences (Fig. 6) . By day 5, however, the relative abundance of proteobacterial sequences decreased to an average of 30% of the total bacterial sequences, with the exception at the 23.92-h time point on day 2 (61%) (Fig. 6) . The relative abundance of Firmicutes sequences increased over the sampling period from an average relative abundance of 1.5% (day 1, 0.00 h) to 19% (day 5, 115.28 h) (Fig. 6) . The Bacilli dominated the Firmicutes for all sampling days (see Fig. S6A in the supplemental material). Bacilli increased most significantly in abundance (29.4%) between the initial and final time points, with a peak in abundance at the 21.12-h time point (day 2) to 23% average relative abundance (see Fig. S6B in the supplemental material). The abundance of candidate phylum OD1 increased from approximately 1% (day 1, 0.00 h) to 13% (day 5, 115.28 h) (Fig. 5) . In contrast, the relative abundance of Verrucomicrobia decreased from 5% (day 1, 0.00 h) to 1% (day 5, 115.28 h) (Fig. 5) . Sequences belonging to the Bacteroidetes phylum were initially dominated by Sphingobacteriia, followed by an increase in Cytophagia (8.7%) during the 42.3-h (day 2) and 46.78-h (day 3) time points (see Fig.  S6C in the supplemental material).
Betaproteobacteria and Gammaproteobacteria fluctuated in abundance over the course of the storm. For example, Betaproteo- bacteria were highest (49%) following the time of peak discharge rate (23.92 h) and then decreased in relative abundance (21%) by the 46.78-h time point (day 3) (Fig. 7A) . Gammaproteobacteria decreased over time; however, at 23.92 h (day 2), Gammaproteobacteria exhibited a 6% increase in abundance before remaining at 10% relative abundance during the final three time points. Within the Gammaproteobacteria class, the Pseudomonadaceae and the Enterobacteriaceae families decreased throughout the sampling period (Fig. 7B) . The Pseudomonadaceae abundance decreased considerably from 12% (day 1, 0.00 h) to 5% (day 2, 11.7 h), and by day 5 (115.28 h), Pseudomonadaceae comprised only 1.2% of the Gammaproteobacteria sequences (Fig. 7B) . Similarly, the Enterobacteriaceae decreased 5% in average abundance between the first two time points of sampling before decreasing to 0.9% (day 5, 115.28 h). Baseline water samples revealed markedly different relative abundances of bacterial community members in comparison to samples acquired during the storm (see Fig. S7 in the supplemental material). Proteobacteria dominated baseline water samples, with the Actinobacteria phylum being second highest in abundance. Firmicutes were Ͻ10% abundant in all baseline water samples (see Fig. S7 ).
The relative abundance of several dominant bacterial taxa shared significant correlations with time. For example, 24 taxa, including specific taxa within the Myxococcales and Pseudomonadales orders, were found to have a strong negative correlation with time (Spearman's rho ϭ Ϫ0.81 to Ϫ0.92), while 30 taxa within in the Betaproteobacteria and Bacilli classes were found to have a strong positive correlation with time (Spearman's rho ϭ 0.8 to 0.94) (see Fig. S8 in the supplemental material) . Taxa associated with fecal waste showed an increase in abundance over the sampling period, such as sequences matching to the Bacteroides (Spearman's rho ϭ 0.83) (see Fig. S9 in the supplemental material). Bacteriodetes significantly correlated with members of the Myxococcales order (P Ͻ 0.001), in addition to certain taxa matching the Clostridium genus (P Ͻ 0.001). Furthermore, sequences matching to potentially pathogenic populations fluctuated in abundance within the water samples throughout the storm. 16S rRNA gene sequences matching the Legionella genus gradually increased throughout the sampling period to become the most abundant genus, comprising 46% of the bacterial sequences within the Legionellaceae family. Similarly, members of the Campylobacteraceae family showed patterns of temporal variation,
FIG 2
Alpha diversity of stream microbial communities during and after the storm event. Species richness was estimated by performing multiple rarefactions up to a depth of 5,600 sequences per sample (n ϭ 36). The richness of OTUs from the maximum rarefaction depth was calculated using observed richness, Chao1, and abundance-based coverage estimator (ACE) and visualized using phyloseq in R. For each metric, species richness is colored by flow rate and separated by sampling day. Samples from days 1 and 2 possess higher ␣-diversity than that of samples taken after the peak of the storm.
with Arcobacter having the highest relative abundance (63% of Campylobacteraceae sequences), followed by Campylobacter. The relative abundance of 16S rRNA gene sequences matching both genera increased even as the discharge rate decreased to baseline flow conditions. Helicobacter increased slightly to 3.7% of the Helicobacteraceae sequences by the final sampling time point (see Fig.  S10 in the supplemental material) .
SourceTracker analyses suggested that human-associated waste might be a potential source of fecal contamination in this study. Water samples exhibited a strong relationship with sewage influent sources (see Fig. S11 and Table S2 in the supplemental material). Other sources of human waste contamination, including active sludge, human stool, and raw sewage, indicated a minor source relationship. As much as 15% of the bacterial sequences from Muddy Run Creek were potentially associated with sources of human waste contamination (see Fig. S11 ). Sources classified as unknown by SourceTracker were likely due to other environmental, agricultural, or industrial sources.
DISCUSSION
The impact of storm events on bacterial community dynamics in streams has not been well studied. Here, we captured fine-resolution short-term temporal snapshots of the bacterial community during a 100-year storm event. Superstorm Sandy provided an opportunity to track changes in bacterial community structure through the progression of the storm and to monitor fluctuations in fecal indicators and specific taxa of interest. Furthermore, we investigated the relationship between successional changes in bac- terial community composition and physicochemical parameters. This is the first study to use high-throughput sequencing of the 16S rRNA gene, which revealed that stream bacterial communities may be restructured by hydric dynamics of storm events.
Bacterial communities within water samples collected from Muddy Run Creek exhibited patterns of temporal variation through the duration of Superstorm Sandy. Changes at the phylum level indicated a dramatic shift in the overall composition of the bacterial community, potentially due to contributions from sediment resuspension, stormwater runoff, and sewer overflow. Alpha-diversity metrics revealed that samples collected during a high flow rate (Ͼ200 m 3 /s) were the most diverse, as samples taken before and immediately following peak discharge harbored significantly more OTUs than samples taken under baseline flow conditions ( Fig. 2; see also Fig. S3 in the supplemental material) . Amount of rainfall has been shown to significantly correlate with bacterial influx (54) (55) (56) , and greater bacterial abundance is related to extent of rainfall due to possible sediment resuspension (36) . The presence of unique taxa was highest during the rising limb of the hydrograph (day 1 samples) and decreased after the storm (Fig. 5) , suggesting the hydric dynamics of the storm generated a significant bacterial influx to the stream. An increase in nutrient load as a result of terrestrial, agricultural, and urban stormwater (50) illustrates the overlapping OTUs between sampling days based on OTU presence or absence in 100% of the water samples for each corresponding sampling day. An OTU table filtered to remove OTUs with Ͻ0.005% abundance and normalized for sequence depth with cumulative sum scaling (CSS) was used to generate the Venn diagram. Day 1 has significantly more unique taxa than the other sampling days. inputs has been shown to affect bacterial abundance and diversity in stream water (57, 58) .
Longitudinal changes in bacterial community structure were observed over the course of the storm. Clustering of samples was noted based on cumulative time and flow rate, indicating that a distinct transformation in bacterial presence and abundance occurred as a result of the storm. Water samples collected during the time of highest flow rate (day 2) distinctly clustered together, and the greatest dissimilarity was present between the day 1 and 5 water samples (Fig. 3) . Stormwater influx and sediment in freeflowing water during storm progression were possible factors causing such a shift in bacterial community structure. Spatial and temporal analyses of natural disturbance effect on coastal bacterial communities have shown differences in bacterial communities between storm and nonstorm conditions (59) . Stream water conductivity, pH, salinity, and TDS measurements increased as the storm ended and baseline flow rate returned, indicating that different abiotic characteristics could influence bacterial composition. The observed covariance of water chemistry with time was likely due to the strong environmental forcing of large storm events, which increases the amount of freshwater runoff and introduction of allochthonous material into receiving water bodies. While reports suggest that streams recover from storms 3 to 8 days after the storm event, the bacterial community may recover more slowly (59) . No prestorm samples were taken in this study, preventing a comparison of poststorm to prestorm stream bacterial communities. However, baseline samples taken during October 2015 allowed for tracking the divergence of microbial communities during and after the storm. While baseline samples displayed distinct clustering, binary Jaccard indices revealed that bacterial community structure of baseline samples was most similar to that of the day 5 water samples (see Fig. S5 in the supplemental material). Furthermore, a convergence to baseline samples was apparent in a comparison of weighted UniFrac distances of day 1 samples with both day 5 and baseline water samples (Fig. 4) . While there were differences in the relative abundances of taxa (see Fig.  S7 in the supplemental material), community membership showed that poststorm samples more closely matched baseline samples (Fig. 4) , suggesting that that within a few days after the storm, the bacterial community was beginning to resemble that under baseline conditions (see Fig. S5 ).
Proteobacteria, more specifically Betaproteobacteria and Gammaproteobacteria, 16S rRNA gene sequences dominated the stream water samples, as previously observed in other riverine studies (60, 61) . Interestingly, Proteobacteria underwent the most drastic shifts in abundance over the course of the storm. At the onset of sampling, before peak discharge, Proteobacteria dominated the bacterial community, but the bacterial composition shifted following peak discharge toward a composition dominated by candidate phylum OD1 and Firmicutes (Fig. 6) . Within the Proteobacteria, the Betaproteobacteria underwent most drastic fluctuation during and after the storm event, while the Gammaproteobacteria decreased steadily over the sampling period. Previous studies have noted similar trends with respect to fluctuation of the Proteobacteria during rainfall events (59, 62) . The Proteobacteria are important in nutrient cycling within freshwater ecosystems, and specific subclasses (e.g., Betaproteobacteria) consist of bacterioplankton, which has been shown to readily fluctuate with varied nutrient concentrations (63) .
In this study, fecal coliforms and E. coli concentrations decreased immediately after peak discharge of the storm (Fig. 1) . Stream fecal coliforms have been found to fluctuate temporally and spatially, with greater loads appearing when the rate of rainfall is highest (64) . The FIB concentrations in this study support this trend. Pachepsky and Shelton (65) and McBride et al. (66) have shown FIB to spike prior to reaching peak flow rate. E. coli has been found in high abundance in rainwater and is one of the most abundant potentially pathogenic bacterial rainwater samples (67) , suggesting that the increased abundance of E. coli at the beginning of the storm might be a result of direct contributions from stormwater influx. Salinity negatively affects FIB persistence (68), suggesting one possible mechanism for decreased abundance during later sample time points. Other inputs, including contributions from sewer overflows in Muddy Run Creek, might have influenced the elevated levels of fecal bacteria in this stream.
While traditional fecal indicators decreased during the sampling period, sequences matching to known fecal bacterial targets increased in relative abundance after the peak of the storm. This was supported by SourceTracker results, which indicated that potential human fecal contribution was highest after peak flow of the storm (see Fig. S11 and Table S2 in the supplemental material). For example, 16S rRNA gene sequences belonging to the Clostridium and Blautia genera, which are known to be of fecal origin, had higher relative abundance after the storm than before (see Fig. S9 in the supplemental material). While the Bacteroidetes members fluctuated with irregularity, the Bacteroides genus, known to dominate human fecal and sewage material (69) , increased dramatically in abundance during later time points (see Fig. S9 ). Several Bacteroides and Clostridium spp. have been shown to have hostspecific distributions and are indicators of more recent fecal contamination events; thus, they have become molecular targets for tracking sources of fecal contamination in the environment (70) (71) (72) (73) . Comprehensive sequencing studies such as this enable the simultaneous detection of these fecal bacterial targets and might provide a more holistic understanding of fecal inputs into aquatic environments. Increases in these fecal bacterial sequences might be a result of inputs from a sewer overflow in Muddy Run Creek, which were initially diluted by the stormwater discharge. Sewer overflows have been shown to pose a serious threat to the health and quality of urban streams (74, 75) .
Increases in fecal bacterial sequences (e.g., Bacteroides) were mirrored by increases in sequences belonging to potentially pathogenic taxa during the 5-day sampling period. Previous research has documented increases in potential pathogens during storm events (36, 65) . While both pathogens and FIB are released from sewage discharge, studies have shown no clear correlation between pathogens and fecal indicators (20, 76, 77) . In this study, 16S rRNA gene sequences belonging to the Campylobacter, Arcobacter, and Helicobacter genera increased in relative abundance throughout the sampling period (see Fig. S10 in the supplemental material). Legionella spp. were also present within water samples, comprising almost half of the Legionellaceae sequences by day 5. Previous literature has revealed that Legionella spp. can survive for several days in water (78, 79) . The sequence data indicate that fecal bacteria and potential pathogens are higher days after the peak of the storm, suggesting that microbial risks may persist long after a storm has ended. Putative pathogenic bacteria, specifically Campylobacter, Helicobacter, and Legionella, were ubiquitously present in baseline samples at negligible abundance. However, bacteria of fecal origin were not present in baseline water samples compared to poststorm microbial communities. Although high-throughput sequencing of the 16S rRNA gene enabled us to identify fecal bacteria and potential pathogens, this approach should be employed with caution, due to the limited phylogenetic resolution when using the 16S rRNA gene as a target.
This study captures beta fluctuations of a bacterial community structure during a 100-year storm event and has provided a simultaneous view of successional changes in total bacterial community structure, as well as an in-depth investigation of temporal dynamics of fecal bacteria and potential pathogens during a storm event. Use of the 16S rRNA gene as a genetic marker allows for holistic bacterial community assessment by using multiple indicators to assess microbiological water quality over large spatial and temporal scales (34, 39, 54) . Tracking bacterial community composition might prove to be an informative tool for long-term temporal studies, as other factors, including seasonal changes and climate change, cause shifts in bacterial community dynamics and associated risks (19, 32, 62, 80) . Further studies should examine beyond the 16S rRNA gene and probe functional genetic markers, such as genes involved in host-microbial interactions, which might prove to be more temporally stable indicators for assessing microbial risks. With the reduced cost of high-throughput sequencing and improved sensitivity, shotgun metagenomics and metatranscriptomics approaches might enable the direct measurement of functional targets in the environment. Evaluation of in situ total bacterial community composition and function might lead to more comprehensive water quality assessments and enable an evaluation of the magnitude and distribution of microbial contamination in the environment.
